INTRODUCTION
Thin Al 2 O 3 films are widely used as wear resistant and diffusion barrier coatings. The solid and stable α phase of Al 2 O 3 is used more often in high tempera ture applications. The presence of intermediary meta stable phases (no less than 24 polymorphous phases of Al 2 O 3 are known [1] ) complicates the growth of the α phase of Al 2 O 3 , particularly at low temperatures. Studies of low temperature growth directed at the for mation of the α phase are intensively developed. Let us note the works where the α Al 2 O 3 films were obtained at 760°C by reactive magnetron sputtering [2] , at 580°C using plasma enhanced chemical vapor depo sition [3] , at 280-560°C by the nonreactive radio fre quency magnetron sputtering of the target to the nucleation layers of Cr 2 O 3 oxide [4, 5] , and at 500°C using a template of Cr 2 O 3 by reactive magnetron sput tering [6] .
It is known that there is a large number of works on the preparation of amorphous and amorphous nanoc rystalline (A NC) films [7, 8] , coatings [9, 10] , and submicron and NPs (NPs) [11, 12] on the basis of Al 2 O 3 using different high temperature methods: pulsed laser evaporation [13, 14] , continuous and pulsed elec tron evaporation [15, 16] , different modifications of magnetron sputtering [9, 10] , plasma chemical technol ogies [17, 18] , detonation synthesis [19, 20] , etc.
The results of these studies indicate that the ways of the formation and phase transformation of different materials on the basis of Al 2 O 3 during further anneal ing are characterized by exclusive variety and depend on many factors: the method used and the conditions of synthesis (deposition time, crystallization rate, and pressure and composition of the gaseous phase), tem perature and crystallographic orientation of the sub strate material [21, 22] , etc.
The amorphous phase, which usually transforms into the γ phase of Al 2 O 3 during further annealing, is most often formed during the deposition of thin films on relatively cold substrates (25-250°C [23] [24] [25] ) by means of electron evaporation. In turn, depending on the method of the preparation, the γ phase may remain thermally stable up to very high temperatures on the order of 1000-1100°C [7] .
On the one hand, the introduction of different dopants into Al 2 O 3 makes it possible to control the crystallization temperature of the amorphous phase [25] ; on the other hand, iron doping may lead to unex pected phase transformations during further anneal ing, e.g., amorphous phase → α phase Al 2 O 3 [17] . In [17] , amorphous NP Al 2 O 3 doped with 0.1 mole Fe was obtained using the plasma chemical method, which was transformed into the stable α phase of Al 2 O 3 at a record low temperature of 143°C after annealing in air. The typical transformation of the amorphous phase into the γ phase of Al 2 O 3 was observed with the increase in the iron concentration of up to 0.6 mole.
The plasma chemical method [17] and evapora tion by means of pulsed electron beam (PEB) make it possible to produce nanoparticles (NPs) of a similar size (2-8 nm); therefore, it was interesting to repro duce the achievements of [17] by means of the electron evaporation and to simultaneously study the effect of iron on the different characteristics of the Al 2 O 3 Fe 2 O 3 samples at a low doping level, which is studied insufficiently.
In particular, the α phase of Al 2 O 3 is widely applied in dosimetry [26] . However, the production of com mercial thermoluminescent dosimeters (TLDs) [26] of anion defective corundum is based on the use of the unprofitable and long term high temperature growth of an Al 2 O 3 rod in the reduction medium with the sub sequent mechanical processing of the rod with consid erable screening.
The application of thin films (coatings) or NPs of Al 2 O 3 in a working medium of a TLD may become a good alternative to the above method of producing radiation detectors. In this case, parameters such as hardness, wear resistance, etc., become of less impor tance, and the transparency of oxide coatings and films makes it possible to apply them in dosimetry using optically stimulated luminescence.
The trend of TLD developers of using the thermo stable α phase of Al 2 O 3 as radiation detectors and the limited number of studies where amorphous or meta stable phase Al 2 O 3 , which often has rather high ther mal stability up to 1000-1100°C [27] , was used as the working medium of the dosimeter indicate the draw backs in the studies of this field.
In addition, the use of electron beam technology for producing NPs and thin films or coatings makes it possible to transfer the technology of producing radia tion detectors to the industrial level.
This work was aimed at producing A NC coatings and NPs on the basis of pure and iron doped oxide Al 2 O 3 by means of the pulsed electron evaporation in vacuum and studying their structural, magnetic, lumi nescent, and dosimetric characteristics; thermal sta bility; and sequences of phase transformations during annealing in air up to a temperature of 1400°C.
EXPERIMENTAL METHODOLOGY Coatings and NPs were produced by the evapora tion of ceramic targets in vacuum (the residual pres sure is 4 PA) using a pulsed electron beam on a NANOBIM 2 setup [28] . The target was round disks with a diameter of 60 mm and height reaching 20 mm obtained by sintering pressings made on a hand press of α Al 2 O 3 NP (IAM, United Sates) with additives of a micron powder (1, 3 and 5 wt %) of α phase Fe 2 O 3 (analytically pure grade, GOST 4173 77) in air at a temperature of 1000°C for 1 h.
The energy of electrons was 40 keV, the energy of the electron beam pulse was 1.8 J, the pulse duration was 100 μs, and the pulse frequency was 100-200 Hz. Coatings and NPs were produced under the same con ditions with different deposition times (5-10 min for coatings; 40-60 min for NPs) and the target substrate distance (5 cm for coatings; ≈10-15 cm for NP). Coatings were deposited on the cover glasses (5 cm × 2.4 cm) with a thickness of 0.13-0.18 mm; NPs were deposited on the substrates of window glass with a thickness of 4 mm and a large area placed around the target.
The following diagnostics were used for studying the properties of NPs and coatings. The X ray analysis (XRD) was performed on XRD 7000 Shimadzu (Japan) and X'PERT PRO (The Netherlands) diffrac tometers. The specific surface of powders (S sp ) was determined by the BET method on a Micromeritics TriStar 3000 setup. The heating/cooling thermograms and mass spectra were recorded by means of differen tial scanning calorimetry (DSC) and thermogravime try (TG) methods on a STA 409 PC Luxx synchro nous thermoanalyzer combined with a QMS 403C mass spectrometer (NETZSCH).
The microscopic analysis of NPs was performed on a JEOL JEM 2100 transmission electron microscope. The chemical analysis was performed by the induc tive coupled plasma (ICP) method on an iCAP 6300 Duo spectrometer. The pulsed cathode luminescence (PCL) was studied on a KLAVI 1 setup [29] . The magnetic characteristics were established on a Faraday balance, the sensitivity of the balance was ∼10 -5 emu, and the magnetic field range of the measurements reached12 kOe.
The decay curves of the optically stimulated lumi nescence (OSL) in the continuous stimulation mode, the thermoluminescence (TL) curves, and the spectral composition of TL were studied on a specially designed automated setup [30] . The samples were excited by the β radiation of the The diffractograms of samples are almost identical. There is a slight difference in the intensity of separate reflexes. Two phases are reliably identified: α and γ phases of Al 2 O 3 (cards PDF 2: 01 070 5679 and 00 010 0425, respectively). The peaks are noticeably shifted to the small angle region in comparison with PDF 2 data. The reflexes of a series of unidentified phases are present in diffractograms (Fig. 1а) . The narrow and intense peaks denoted with black stars in Fig. 1а most likely belong to one phase. It was not pos sible to calculate the unit cell parameters and half width of reflexes for γ and α Al 2 O 3 phases because of the large number of unidentified phases and the con siderable overlap of reflexes (Fig. 1b) . The width of the reflex of the α phase of Al 2 O 3 in sample 3 from the table was correctly estimated from the peak (012), x c (2θ) = 25.289 degrees, ω = 0.166 ± 0.05; the aver age size of the coherent scattering regions (CSR) was 151 nm.
The diffractogram of the sample Al 2 O 3 1.1% Fe (Fig. 1b, sample 2) shows additional reflexes in the angle range of 30-60° (denoted with arrows).
In contrast to the results [17] , the multiphase nanocrystalline powders containing α and γ phases of Al 2 O 3 and a series of other unidentified phases were obtained in our case during the deposition of NPs on the cold glass substrate. No amorphous phase was found in NPs using XRD. We note that the Fe 2 O 3 (1,3,9 wt %) Al 2 O 3 samples were studied in [33] and a strong perturbation of the crystal phase Fe 2 O 3 was noted in the diffractogram of the sample 91%Fe 2 O 3 9%Al2O3, and a series of uni dentified peaks, the presence of which were associated with the formation of (Al x Fe 1 -x ) 2 O 3 solid solutions in the oxide system, were also observed in X ray spectra. Interestingly, authors [33] In [31] , the presence of phases α Al 2 O 3 and hema tite was shown in a series of Al 2 O 3 (0-100%) Fe 2 O 3 samples by means of XRD. The analysis of Moess bauer spectra also showed the presence of two iron containing phases.
We note that the formation of α and θ phases in NPs based on pure Al 2 O prepared by different high temperature gas phase methods (PLD, the electric explosion of wires, evaporation by the continuous electron beam, CVD, and MOCVD) was not observed earlier. A slight fraction of the α phase of Al 2 O 3 (30%) was produced only in the multiphase detonation coat ings [34] .
Thus, our XRD data and those of [31, 33] indicate a rather complicated mechanism of the phase forma tion of different materials in the Al 2 O 3 Fe 2 O 3 system regardless of the preparation method and dopant con centration.
The microscopic analysis of NP Al 2 O 3 Fe 2 O 3 (x Fe = 1.1% Fe) showed (Fig. 2 ) that the NP consists of fine crystalline and large crystalline fractions. The fine fraction ( Fig. 2a) is agglomerates up to 1-1.5 μm in size which consist of amorphous NPs of irregular and quasi spherical shapes with sizes of ~3-10 nm. The separate large NPs of a spherical shape with a diameter of ~20-30 nm in the composition of the fine fraction have a core shell structure: a crystal core and an amor phous shell with a thickness of ~2-3 nm (Fig. 2b) . The large fraction contains mainly crystal NPs of a spheri cal shape with different diameters of ~10-20 nm (Fig. 3c) . The electronograms of NPs of the large frac Intensity, arb.units In contrast to NPs, Al 2 O 3 Fe 2 O 3 coatings mainly contained an amorphous component. Figure 3 show the diffractograms of Al 2 O 3 Fe 2 O 3 coatings (1 wt % Fe) deposited in 5 min before and after annealing in air at a temperature of 300°C for 2 h. The diffractogram of the nonannealed coating shows peaks characteristic for the γ Al 2 O 3 phase (PDF card 00 010 0425). A reflex near 2θ ≈ 34.4° appeared after annealing (denoted in Fig. 2 by the symbol *), which is not typi cal for γ Al 2 O 3 . Most likely, the reflex at 2θ ≈ 34.4 cor responds to the δ Al 2 O 3 phase (card 00 046 1215). However, it is rather complicated to unambiguously interpret the visible changes in the diffractograms of the coating before and after annealing, since the inten sity of the reflexes is small.
The conditions of the preparation of NPs and coat ings differed in the deposition time and the target sub strate distance.
Thus, it was established that the phase composition of coatings and NPs depended on the NP deposition time. Probably the long term thermal action (the dep osition time of NP was 40-60 min) at the successive layered deposition of NP on the cold substrate induced the crystallization of the amorphous phase in the NP and led to the formation of several crystalline phases.
The effect of the plasma torch from the evaporated target on the change of the phase composition of NPs is of low probability because of the large distance between the target and substrates (10-15 cm). On the contrary, the effect of the thermal action of the plasma torch on coatings is not excluded during the deposi tion of coatings because of the small target substrate distance (5 cm).
Coatings of pure Al 2 O 3 that we prepared earlier by deposition in vacuum were also either purely amor phous or A NC with a fine fraction of the γ phase of Al 2 O 3 in the amorphous matrix. However, Al 2 O 3 Fe coatings always contained a small fraction of the γ phase.
The absence of noticeable growth of the new nanocrystals of the γ phase in the Al 2 O 3 1.1% Fe coat ing (Fig. 3 ) after annealing at a temperature of 300°C is in agreement with the DSC data of the thermogram of NP Al 2 O 3 -1.1% Fe (Fig. 4a) . It is seen that the crystallization of the amorphous phase in NPs (exo thermal peak) starts from a temperature of about 470°C. If it is assumed that the crystallization of the amorphous phase takes place similarly in the coating and NP, the absence of the growth of the new crystals of the γ phase in the coating (the growth of the new nanocrystals of the γ phase was observed during annealing (300°C) in the coating of pure Al 2 O 3 (not given here)) indicates the inhibiting effect of the iron additives on the temperature of the crystallization of the amorphous phase. Figure 4a shows a thermogram of the synchronous DSC TG heating of the multiphase NP Al 2 O 3 Fe 2 O 3 (1.1 wt % Fe). The first two first endothermal peaks (1) on the DSC curve are caused by the evaporation of adsorbed water from the NP surface. The exothermal peak in the temperature range of 470-825°C corre sponds to the crystallization of the amorphous compo nent of NP leading to the formation of the γ phase of Al 2 O 3 . Two subsequent exothermal peaks in the tem perature intervals of 825-910°C (2) and 910-1220°C (3), most likely, are due to the subsequent phase trans formations γ → δ and δ → θ. The exothermal peak (4) from the final transformation θ → α is clearly seen in the DSC curve with a temperature of 1220°C. The incomplete transformation of the θ phase of NPs into the stable phase α Al 2 O 3 is indicated by the powerful thermal peak in the cooling curve at a temperature of about 1120°C (Fig. 4b) .
It follows from the TG curve (Fig. 4a ) that the evaporation of water from NPs ends at a rather low temperature of about 500°C. The nonmonotonic growth of the mass sample upon a further increase in temperature is most likely associated with the anneal ing of defects (oxygen vacancies), the number of which changes in a complicated manner as a result of the change in the NP structure in the course of the consecutive phase transformations. The continuous growth of the NP mass to a temperature of 1400°C indicates that the defects in the NP are conserved even at a very high temperature. It is known that, at the ini tial stage of heating γ phase Al 2 O 3 , its specific surface increases as a result of the formation of the nanosize pores (2-3 nm) [35] . In particular, it was shown in [36] [21] . We note that, in the literature, the problem about the reversibil ity of the phase transformations of the metastable phases of Al 2 O 3 is treated rather poorly; in particular, the absence of the reversible transformations with decreasing temperature was underlined in [21] . How ever, the presence of the large thermal effect on the cooling curve of NP Al 2 O 3 Fe 2 O 3 ( Fig. 4b ) makes the reliability of this statement doubtful [21] . It was shown is a series of works that the reversible transformation of the stable α phase according to the reaction α → γ is possible under the action of the compression and shift during vibro loading [37] ; high pressure, tempera ture, and shear strains in the contact points [38] ; and during the irradiation of corundum ceramics by fast neutrons [39] .
We also observed considerable thermal effects on the DSC cooling curves in multiphase NPs on the basis of pure Al 2 O 3 and Al 2 O 3 Cu (1.7 wt % Cu) [16] preliminarily heated to a temperature of 1400°C, which indicates the possibility of the reversibility of polymorphous transformations in the metastable phases of Al 2 O 3 ; however, a study of this problem is outside the scope of this work.
To study the phase transformations in the coating of pure Al 2 O 3 (according to the XRD data, the amor phous coating contained about 16 wt % of the crystal γ phase Al 2 O 3 ), we prepared a sample taken from the glass substrate using a titanium foil. The phase trans formations in the A NC coating of pure Al 2 O 3 also occur according to the scheme amorphous phase → γ → δ → θ → α. First, the adsorbed water is evapo rated from the coating (the endothermal peak 1 in Fig. 5a ). The crystallization of the amorphous phase starts at much lower temperature (250°C, exothermal peak 2) than in NP Al 2 O 3 1.1% Fe (470°C). This may be caused by the catalytic effect of water vapors on the temperature of the crystallization of the amorphous phase [40] . The temperature of the beginning of the transformation γ → δ (830°C, exothermal peak 3) in the coating almost coincides with the analogous tem perature in NP Al 2 O 3 1.1% Fe. However, the exother mal peak 4 of the transformation δ → θ in the coating is expressed much more weakly than in NPs. The transformation θ → α in the coating (exothermal peak 5) also starts at a much lower temperature (~1080°C) than in NP. Obviously, the iron doping of Al 2 O 3 has an inhibiting effect on the temperature of the crystalliza tion of the amorphous phase and the temperature of the phase transformations θ → α, but it does not affect the temperature of the polymorphous transformations of other intermediary phases. It is seen in the TG curve that water is evaporated from the coating at a temper ature of about 600°C. The further nonmonotonic growth of the mass of the sample analogous to the growth of the mass of the sample in NP Al 2 O 3 1.05% Fe is most likely associated with the annealing of defects (oxygen vacancies) that occurs up to a temper ature of 1400°C.The presence of the thermal effect on the DSC cooling curve of the coating (Fig. 5b) is also confirmed by the absence of the final transformation of the coating into the stable α phase of aluminum upon heating to 1400°C and the possibility of the reversible transformation of the metastable phases during cooling. The search for room temperature ferromagnetism (RTFM) in diluted magnetic semiconductors and oxides is one of the most intriguing fields in modern physics of magnetism [41] [42] [43] . In particular, RTFM in undoped Al 2 O 3 (so called d° ferromagnetism [44] ) was found in [45, 46] . Earlier, we also established the presence of RTFM in NP Al 2 O 3 Cu (Al) [16] , ZnO, ZnO Zn [47] , ZnO Zn Cu [48] , ZnO Zn Fe [31, 49] , CeO 2 , CeO 2 C, CeO 2 Cu [50], and ZnS, ZnS Al [51] .
Physical properties of nanocomposite materials consisting of metal or oxide nanocrystals embedded in the dielectric matrix differ strongly from the physical properties of the corresponding bulk materials. The properties of such materials can be changed not only by the size, shape, and content of the embedded NP, but also by the nature of the matrix and interface between the NP and the matrix. When metal NP is embedded in the oxide matrix, it is rather difficult to avoid the oxidation and agglomeration of particles in the synthesis process of the nanocomposite, which is in part prevented by the low solubility of metal parti cles in the matrix. On the contrary, the rather high boundary of the solubility of the oxide NP in the matrix observed in many oxide-oxide systems favors the preparation of the homogeneous solid solutions with a high dopant content.
The preparation of composites containing mag netic nanoparticles in the amorphous or crystalline oxide Al 2 O 3 matrix seems quite promising, since such materials manifest unusual and unique magnetic properties. For example, mesoporic silicon and tita nium oxides doped with nanosize α Fe 2 O 3 particles are characterized by superparamagnetic properties [52, 53] The second component of the system may be one form of iron(III) oxide maghemite (γ Fe 2 O 3 ) or hematite (α Fe 2 O 3 ). Maghemite has strong ferromag netic properties with the saturation magnetization of 80 emu/g. Hematite is a typical antiferromagnet with a Neel temperature of 680°C. However, at room tem perature, the hematite particles (nanorods) behave like a weak ferromagnet with low saturation magneti zation on the order of 0.6 emu/g [57] and sometimes demonstrate high saturation magnetization (~13 emu/g) [58] . The appearance of ferromagnetic properties in hematite [58] was associated with a large number of point defects in the sample, since after annealing the sample became antiferromagnetic. The irreversible phase transformation γ → α in NP Al 2 O 3 prepared by the gas phase method occurs at a temperature of 400°C. In nanocrystalline Fe 2 O 3 prepared by wet chemistry, the transformation γ → α was fixed in the temperature range of 300-500°C depending on the experimental method used [59, 60] . The difference in the estimates of the temperature of the phase transi tion γ → α is not explained completely [61] . weak ferromagnetic properties at room temperature (Fig. 6 ).
The maximum ferromagnetic response was estab lished in the sample with the minimum Fe content = 1.1 wt % (Fig. 6, curve 1) However, there is a large number of oxygen vacan cies in NP (the increase in the mass of the NP (TG curve in Fig. 4a ) due to the annealing of oxygen vacancies during heating above 500°C); the small amorphous fraction (Fig. 2a) and amorphous shells on the surface of separate NPs of the powder (Fig. 2b) (from Straumal et al. [62, 63] it is widely known that the ferromagnetic state may supported by a foamlike mesh on the boundaries of grains consisting of amor phous layers with different thicknesses) may lead to the appearance of magnetic moments localized on the oxygen vacancies. Therefore, most likely, ferromag netism in NP Al 2 O 3 and Al 2 O 3 Fe 2 O 3 is associated with the defect structure (oxygen vacancies) of pow ders. In addition, the maximum magnetic moment was recorded in the Al 2 O 3 1.1% Fe sample with the minimum content of magnetic Fe ions, which is much less than the percolation threshold (usually several wt % of the dopant [64] ). This fact confirms the opin ion widespread among researchers of magnetism [45, 57, 58, 65, 66] about the absence of the logical corre lation between the magnetic response and the concen tration of the magnetic dopant in the diluted magnetic semiconductors. We note that the saturation magneti zation in multiphase NP pure Al 2 O 3 and Al 2 O 3 Al in [16] (the content of Fe impurities in NP (ICP) did not exceed 6.07 × 10 -2 and 3.9 × 10 -2 wt %, respectively) reached (0.27-0.06)-(0.01-0.04) emu/g, respec tively. We did not present the above data in [16] only because of the high magnetic inhomogeneity of the NP; however, the magnetic response of NP Al 2 O 3 and Al 2 O 3 Al, comparable in order of magnitude with the magnetization of NP Al 2 O 3 Fe 2 O 3 at a much lower content of magnetic Fe impurities (10 -2 wt %) in undoped NP, directly indicates the important role of defects in the formation of magnetism in doped and undoped NPs on the basis of Al 2 O 3 . Figure 7a shows the PCL spectra of multiphase NP [16] and A NC coatings on the basis of pure Al 2 O 3 . Two broad bands in the green and red spectral regions were found in the spectrum of NP Al 2 O 3 . The spec trum of A NC coatings of Al 2 O 3 is characterized by a continuous wide band in the visible wavelength range of 350-900 nm. The clear difference in the PCL spec tra of the powder and coatings of pure Al 2 O 3 , which were obtained under the same conditions (the differ ence is only in the evaporation time and the target substrate distance), confirms their different phase compositions and the hypothesis about the depen dence of the phase formation of coatings and NP upon the pulse electron evaporation on the deposition time of the NP.
Interestingly, the PCL spectra of coatings and NP of Al 2 O 3 Fe 2 O 3 (Figs. 7b, 7c ) and the spectrum of A NC coating of pure Al 2 O 3 are similar (Fig. 7a) . No dependence of the PCL spectra on the phase com position in the doped Fe 2 O 3 powders and coatings was observed. Only a slight decrease in the cathode lumi nescence intensity with an increase in the Fe concen tration was observed in both materials. A vivid peak at the wavelength of 695.09 nm on the PCL curve of the spectrum of NP with x Fe = 1.1% (denoted by the sym bol (*) in Fig. 7c ) corresponds to α Al 2 O 3 and con firms the XRD data. The appearance of the peak of the α phase in the spectrum of NP Al 2 O 3 Fe 2 O 3 confirms the tendency of the preferential growth of the α phase in NPs at the low Fe doping level established in [17] .
The studies of thermoluminescence (TL) and opti cally stimulated luminescence (OSL) in 12 samples of A NC coatings and in 8 samples of NP of undoped Al 2 O 3 prepared in one evaporation cycle showed that part of the samples of A NC coatings has a consider able luminescence yield. Figure 8a shows typical TL curves of the samples of A NC coatings (curves 1-3) ; NP (curves 4-5); and, for comparison, the TL curve of the sample of the TLD 500K dosimeter normalized to the mass of the coating (curve 6). It follows from these data that the TL yield in all NP samples is two orders of magnitude less than that of the most emis sion active samples of A NC coatings and TLD 500K. In addition, it is of interest that annealing A NC coatings at 350 (curve 1), 400 (2), and 500°C (3) and NP at 350 (4) and 500°C (5) increases the lumi nescent activity, which is in good agreement with DSC TG data about the initiation of the transitions "amorphous state → γ phase" in the studied objects [69] . If the low TL and OSL responses of NPs and thin layers of Al 2 O 3 were noted in many studies of their luminescent properties [70] [71] [72] , their unusually high values for part of the A NC coatings synthesized in this work, which are comparable with the analogous ones for TLD 500K, were observed for the first time.
The introduction of the iron impurity in the sam ples of A NC coatings considerably changes the TL curves and TL yield (Fig. 8b) . The curves become more structurized; two maxima at 130 and 160°C and two features in the shape of shoulders at 80 and 200°C are observed on them. It is important to note that sim ilar TL curves are observed in the α Al 2 O 3 crystals with transition metal impurities [73] [74] [75] [76] . The TL yield decreases with a factor of 15 with increasing Fe impu rity concentration from 1 to 5% and in comparison with undoped A NC coatings with a factor of 50-75. Such a decrease in the TL response during the intro duction of the low activity Fe impurity is not anoma lous. The doping of α Al 2 O 3 single crystals with tran sition metals, particularly in such high concentrations, may lead to the complete suppression of luminescent activity [74] .
Nevertheless, the Al 2 O 3 1% Fe 2 O 3 samples have a TL yield of no less than that for NP layers and Al 2 O 3 coatings prepared according to different technologies [70] [71] [72] . Moreover, since the phase transitions in the NANOTECHNOLOGIES IN RUSSIA Vol. 8
Nos. 7-8 2013 In this respect, first we selected two series of sam ples of A NC coatings from the nominally pure Al 2 O 3 with the minimum (type 1) and maximum (type 2) OSL and TL responses. The comparison of OSL and TL properties and the location of the substrate during PEB evaporation made it possible to establish that, under similar conditions (thickness of the coating and its homogeneity), the OSL and TL yields depended on the geometry of the location of the samples with respect to the plasma torch of the sputtered material.
In addition, it follows from the XRD data (Fig. 9 ) that in both types of samples the amorphous component dominates, which is manifested in diffractograms as a smooth curve of diffuse scattering, the same as in the sample of the type 1 with the small response (curve a). There are up to 10-20% of the γ phase in the samples of type 2 with the increased OSL and TL yield  (curves b, c) . Moreover, the diffractogram of the sam ple of type 2 (curve d) annealed at 300°C shows, in addition to the growth of the reflexes 311, 400, and 440 characteristic for the γ phase, reflex 222, which indicates the formation of new types of nasnocrystal lites of the γ phase with the other orientation. The contribution of it was estimated from the intensity of characteristic reflexes 400 and 440 (card 00 029 0063 of the PDF 2 database) using the XRD Crys tallinity program.
OSL decay curves typical for the samples of types 1 and 2 on the glass substrate are shown in Fig. 10a at the X ray irradiation dose D X = 3.6 Gy. It is seen that they differ by the OSL response (curves 1, 2) with a factor of no less than two. Moreover, the OSL yields normal ized for the mass of the sensitive layer are comparable for the sample of type 2 and the TLD 500K detector with average sensitivity (curves 2 and 3 ).
An analysis of the data makes it possible to suppose that the luminescent properties of the studied nano structured Al 2 O 3 layers are related to the content of the γ phase in them. If one takes into account that the transition in the γ phase occurs at T = 130-650°C [77] , one should expect, like in the case with TL, a considerable increase in the OSL yield with an increasing annealing temperature of the samples. Fig  ure 10b and its inset show separate OSL decay curves for the type 2 sample and the general change in the integral yield S OSL (light sum) depending on the tem (2), 500°C (3, 5) , and the TLD 500K sample (6) . (b perature of the isochronuos annealing T A up to 700°C for 10 min in air. It is seen that our assumption is con firmed: after a more complete transition of the studied nanostructured Al 2 O 3 layers into the γ phase, the OSL yield increases with a factor of no less than 2-2.5. The subsequent temperature increase (T A > 700°C) led to the breakaway of the coating from the substrate of quartz glass. Nevertheless, annealing at increased temperatures is of interest, since it will favor the tran sition of the γ phase in more ordered and densely packed crystal shapes: δ(970°C) → θ(1050°C) → α(1150°C) [77] ; the anion defective modification α Al 2 O 3 has one of the highest TL and OSL yields [78] .
Further studies were directed at studying TL prop erties of the type 2 samples annealed up to 1150°C. Steel was chosen for substrates as a good thermally conductive and more refractory material than quartz glass. In addition, the steel substrate in regards to its summary physicochemical properties (melting tem perature, adhesion characteristics, linear coefficient of thermal expansion) fits experiments on annealing up to 1150°C better. Figure 11a shows the separate TL curves of the sample of the coating of undoped Al 2 O 3 on the steel substrate (curves 1-5) and the change of the integral TL yield S TL (inset) depending on the temperature of the isochronous annealing in the range of 500-1150°C. Like in the case of analogous dependences in the study of OSL (Fig. 10b) , the TL yield increases with a factor of ~2 with an increase in annealing tem perature up to 700°C (annealing at 400°C is shown by curve 1, at 500°C by curve 2, and at 700°C by curve 3). A further increase in temperature to 1150°C (curve 4) leads to a considerable decrease in the TL yield. The TL curve after annealing at 1150°C changes strongly: three low intensity narrow peaks are observed on it at 80, 160, and 270°C. Here it is necessary to underline the partial coincidence of the given extrema on the TL curve after annealing at 1150°C with analogous ones for the sample of the coating Al 2 O 3 1% Fe 2 O 3 (Fig. 8b,  curve 1) . One of the main origins of the observed decrease in the TL yield of A NC coatings of Al 2 O 3 and the dramatic transformation of the TL curve after annealing at 1150°C may be the recovery of the sto ichiometric composition in the annealed Al 2 O 3 sample as indicated by the DSC TG and gas isolation data (Figs. 4, 5 ).
The change in the TL curves of the sample of the coating Al 2 O 3 1% Fe 2 O 3 at isochronous annealing up to 1150°C was studied for an additional confirmation of the obtained regularities about the connection of the luminescent yield with the phase transitions in the nanostructured aluminum oxide. Taking into account the possible decrease in the temperature thresholds of such transitions in the Al 2 O 3 Fe 2 O 3 system (as was noted above), the detailed measurements of the trans formation of the TL curves were performed with a smaller step in the process of the isochronous anneal ing up to 350°C. It is seen (Fig. 11b) that the intensity of the TL maximum at 110°C is reached after anneal ing at 125°C (curve 1); the maximum at 160°C is at 175°C (curve 2). A further increase in the temperature to 300°C (curve 3) decreases the intensity of these maxima with a factor of ~2. The growth in annealing temperature to 500-700°C almost does not change the TL curves. The second stage of the considerable decrease (with a factor of 3) in the TL yield is observed in the range of 700-1150°C (Fig. 11c) . As a result of annealing at 1150°C, the TL curve (curve 3) is trans formed to a shape close to the TL curve of the Intensity, arb. units annealed sample of the A NC coating Al 2 O 3 with the analogous maxima (Fig. 11a, curve 5) . Consequently, the data may indicate a decrease in the temperature threshold in the nanostructured Al 2 O 3 Fe 2 O 3 system during the amorphous statecrystal phase transition. Moreover, it is possible to pro pose an assumption on the basis of the combined anal ysis of XRD, DSC TG data, the isolation rate of H 2 O and CO 2 , and the transformation of the TL curves at isochronous annealing and taking into account their comparison with similar data for undoped samples of coatings. This assumption requires further confirma tions. It includes the fact that, with increasing tem perature, the phase transitions in coatings with the Al 2 O 3 (1-5)% Fe 2 O 3 composition occur, with high probability, from the amorphous state into more per fect crystal forms (δ, θ, α) without the formation of new Al 2 O 3 nanocrystals of the luminescence active γ form.
Thus, summing up the studies of the luminescent properties of the nanostructured coatings and NPs Al 2 O 3 prepared by pulsed electron evaporation, it is necessary to note, that under some conditions, it is possible to create a thin layer material promising for accumulation luminescent β dosimetry. It was shown experimentally that part of the nanostructured coat ings of nominally pure Al 2 O 3 has increased OSL and TL yields comparable with similar ones for one of the leaders among TL and OSL detectors (TLD 500K) [78] . It was also established that the high luminescent yield of the coatings correlates with the content of the γ phase of Al 2 O 3 in them. These results indicate the elaboration of promising nanotechnology for the preparation of a new thin layer detector material on the basis of nanostructured Al 2 O 3 that highly effectively stores the energy of the ionizing radiations and is luminescent at optical and thermal stimulation and also applicable for the dosim etry of the β radiation and soft component (≤30 keV) of the photon radiation.
The magnetic luminescent properties and the small size of the particles (3-40 nm) of NP and coat ings on the basis of Al 2 O 3 make them promising for further use in spintronics, biomedicine (lumineschent markers), medicine (contrast means for the ultrasonic visualization), and ceramic synthesis (active nanoad ditives) and as catalysts, gas and humidity sensors, and other applications.
